Abstract-The performance of a direct sequence spread-spectrum land-mobile satellite transmission system, using binary phase shift keying (BPSK) modulation, is analyzed. The satellite channel is modeled as having shadowed Rician fading characteristics. The bit error probability is evaluated, considering both the envelope and the phase variation. Assuming a Gaussian approximation for the interference, numerical results are obtained for both spread-spectrum and narrowband land-mobile satellite communication systems with BPSK modulation. A comparison of the two systems is made for light, average, and heavy shadowing.
I. INTRODUCTION HE application of spread-spectrum modulation in the T field of land-mobile satellite communications offers code division multiple access (CDMA), resistance to multipath fading, and low peak-to-average power ratio. In addition, the properties of low probability of interception (LPI), antijam resistance, and message privacy and security are attractive in some applications. Furthermore, as shown in [l] and [2], spread-spectrum CDMA systems can provide greater capacity than FDMA for mobile satellite communications. In general, land-mobile satellite systems allow a wide range of services, including voice, data, position-finding, and paging services, interconnection to the public switched telephone network, and the possibility of private networks [3] . Accordingly, numerous research papers (e.g., [1]- [lo] ) have been published recently to study the land-mobile satellite communication channel and its effects on such systems. This paper presents a performance analysis of land-mobile satellite communications using direct sequence spread-spectrum with BPSK modulation, in terms of bit error, outage, and message success probability. The channel model adopted in the analysis is characterized by the combined effect of Rician fading and lognormal shadowing [4]- [6] . Section I1 formulates and extends the channel model to the use of spread-spectrum modulation. The receiver model and performance analysis follow in Sections I11 and IV, respectively. Numerical results are presented in Section V. Finally, our conclusions are given in Section VI. 
CHANNEL MODEL
A statistical propagation model for a narrowband channel in rural and suburban environments was developed in
[4]- [6] , assuming that the line-of-sight signal strength is lognormally distributed and the composite multipath signal is Rayleigh distributed. The resulting probability distribution of the received signal envelope r is given by:
where I , ( -) is the modified Bessel function of the first kind and n th order, bo is the average scattered power due to multipath, po is the mean value due to shadowing, and do is the variance due to shadowing. The probability density function of the received signal phase 4 was found to be approximately Gaussian [6]:
where p9 and U; are the mean and variance of the received signal phase, respectively. The above model is valid for a narrowband system. If spread-spectrum modulation is used with a chip duration less than the delay spread of the channel, the multipath power is partially reduced by the correlation operation in the receiver. The envelope and the phase distribution functions remain the same, but the values for bo and U+ are reduced.
The impulse response of the channel can be written as:
where 0, 7, and 0 are the gain, time delay, and phase of the mth path, respectively. The first path is the lineof-sight and therefore its propagation statistics are described by (1) and (2). The other paths have a Rayleigh path gain distribution and uniformly distributed phase, since the direct line-of-sight is suppressed by the correlation operation. The parameters of the various path distributions can be found if the power-delay profile is known. For the present study, the power-delay profile is 0733-8716/92$03.00 0 1992 IEEE considered as:
where 1 / c is the delay spread. For a rural environment, a typical value of 1 /c is 0.65 ps [7] . Due to the correlation operation, the multipath power (= bo) is reduced. For path m , it can be approximated as:
where T, is the chip duration.
Also, the phase variance of the first path will be decreased, since it is determined by the amount of multipath power and the statistics of the line-of-sight propagation. Using (4.5-19) of [ l l ] , the phase distribution function p ( 6 ) of a lognormally shadowed Rician signal can be derived and given as:
Z where G n -z cos (6)
J2b,
and erf ( * ) is the error function [12] : erf (G)
dt. Now, the phase variance in the case of spread-spectrum modulation can be determined by:
-7r
Note that the mean phase pQ is zero because p ( 6 ) = Equations (6) and (7) are used only to determine the effect of spread-spectrum modulation on the phase variance. The combined effect of phase variation and envelope fading [6] is evaluated by using (2) as an approximation for (6).
p ( -6 ) .

RECEIVER MODEL
The spread-spectrum receiver model is shown in Fig.  1 . The total received signal is:
where m and k denote the path and user number, respectively, and A is the transmitted signal amplitude, which is assumed to be constant and identical for all users. For user k , {uk 1 is the spread-spectrum code, (6, } is the data sequence, U , + iS the carrier plus doppler angular frequency, 6 m k is the carrier phase, and n ( t ) is white Gaussian noise with two-sided power spectral density N O D This signal is converted to baseband and correlated with a particular user code. If the receiver locks on the first path of user one, a signal sample of the correlation output can be written as:
where bkl and b: are the previous and current data bit, respectively, and 
IV. PERFORMANCE ANALYSIS
The bit error probability and outage probability are considered to be the two basic performance measures of digital systems. The message success probability is also an important consideration. All three performance measures are discussed here.
A . Bit Error Probability
the bit error probability p e can be expressed as:
Assuming that the data bits -1 and 1 are equiprobable,
The interference can be approximated by Gaussian noise if KM is large, so p , can be written as:
erfc ( e ) is the complementary error function [12] , pu is the pdf of the first term of z,, and a 2 is defined as the total variance of the Gaussian noise:
a2 NOTb + af (13) with af as the interference power.
1) Gaussian Approximation:
Using the Gaussian approximation, only the mean an! variance of the interference term Ef='=,A(bk1Xk + biXk) need to be evaluated.
Since all terms of the summation are independent and symmetrically distributed, the mean reduces to zero. For the same reason, all the cross terms in the calculation of the second moment become zero, so the variance is:
(14)
Note that the first and second term of the right-hand side of (14) represent the variance for k = 1 and k > 1 , respectively.
The second moment of / 3 cos 4 can be calculated as follows: If m = 1 , then P has a shadowed Rician distribution, which can be viewed as a Rician distribution with a variable Rician parameter s2/2b0. The product of this Rician variable with the cosine of a uniformly distributed variable gives a Gaussian variable with a mean of s / h and a variance of bo. Thus E((Pmk cos + m k ) 2 ) = bo + s 2 / 2 , on the condition that s is constant. This condition can be removed by integrating over the independent lognormal distribution of s:
After integration, (15) reduces to:
If m > 1 , then P has a Rayleigh distribution. In that case, s = Oand: (17) Referring to [ 141, one obtains the second moment of the cross correlation for any user k and for any spread-spectrum code:
and p and q are dummy variables.
For Gold codes, a simplified technique for evaluating the variance of the cross correlations can be used using [13] , [16] . Now, one gets:
where N is the Gold code length, which is assumed here to be equal to Tb/Tc. Thus, (19) simplifies the computation of (14) is approximately zero because the receiver will lock on the phase of the total signal. In that case, the distribution function p u is equal to the shadowed Rician distribution pp. However, with a larger tracking bandwidth the loop noise increases, so there is always a certain phase error. Therefore, in the bit error probability calculations one gets an upper bound by using (22), and a lower bound by using Pu = PR.
B. Outage Probability
The outage probability Po,, is the probability that the instantaneous bit error probability exceeds a certain threshold, denoted by p,, and can be written as: Here x, is the value of the amplitude x at which the instantaneous bit error probability is equal to p,.
C. Message Success Probability
The message success probability p s is defined as the probability that, in a received message of L bits, all possible errors can be corrected.
In (24), p e is the bit error probability and ne is the number of errors that can be corrected by the error correcting code.
V. NUMERICAL RESULTS
A . Bit Error Probability
By calculating (22) using the Gaussian integration technique, the bit error probability (21) is evaluated using the Newton-Cotes technique [12] . Fig. 2 shows the bit error probability for light, average, and heavy shadowing, according to the measured values found in [8] and reproduced in Table I . The mean phase p+ is zero in all cases.
The plots in Fig. 2 are for the narrowband case, i.e., without the use of spread-spectrum modulation. The major difference between these plots and those in [8] is that, in [8], the effects of phase and envelope fading were calculated separately, while in this paper their combined effect is shown. Further, in [8] an upperbound for the envelope fading was calculated by an approximation of the complementary error function, while we present an exact analysis.
If we compare Fig. 2 with the Fig. 2 in [8] , where only envelope fading is considered, it appears that for low signal-to-noise ratio Fig. 2 gives higher values for the bit In addition, with the data in Table I , the power of the received signal in the case of light shadowing is greater than one, which results in a smaller bit error probability than theoretically possible at low signal-to-noise ratios.
To repair this, we scaled the noise power by multiplying it with 1.585, which is the signal power for light shadowing. Without this scaling, all plots for light shadowing would shift 2 dB to the left.
In all three cases of shadowing, the bit error probability converges to the irreducible error probability pim, caused by the phase variation. A rather complicated expression for this error is given in (27) in [8] . By considering p i x as the chance that the received bit in the absence of noise is negative while the transmitted bit is positive, p i m can be simply given as:
The irreducible error probabilities in Fig. 2 do correspond with those found in [8] .
Next, the effect of spread-spectrum modulation is com- Figs. 2 and 3 , it is seen that spread-spectrum modulation yields better performance than narrowband modulation for light and average shadowing. For heavy shadowing, the performance is worse at signalto-noise ratios below 36 dB. The reason for this is that for light and average shadowing most of the signal power is received via the line-of-sight, so if the multipath power is reduced by the use of spread-spectrum modulation, a less perturbed signal will be obtained. In the case of heavy shadowing, however, the direct line-of-sight power is much smaller than the multipath power, resulting in an approximately Rayleigh faded signal. The use of spreadspectrum modulation now decreases the total signal power considerably, with the result that the resulting bit error probability increases. In this case, diversity techniques can be used to improve the bit error probability [ 141, [ 151, which is not considered here. If the receiver is able to lock onto the total phase of the first path, then only the envelope fading has to be considered, which is investigated in Figs. 4-6 , where the bit error probability is compared to the narrowband and spread-spectrum modulation. It can be seen from Figs. 2-6 that the bit error probability for narrowband modulation changes considerably by removing the phase variation, while in the case of spread-spectrum modulation there is much less change. The phase variance, which is reduced by approximately a factor 9 by the use of spread-spectrum modulation (7), exerts a nonnegligible influence only near the irreducible error probability level (I for spreadspectrum modulation).
It is seen from Fig. 7 that the light and average shadowed Rician distributions can be represented by the normal Rician distribution with a Rice factor of 5.3 and 4.1 dB, respectively, with an error of less than 5 % for bit error probability values between lo-' and Outside this interval, the error tends to increase. It can be expected that matching will be possible only in a certain range, since the two distributions functions are different in nature because of the shadowing. For heavy shadow- l . E -0 1
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I--.- ing, however, the shadowing results in a negligible lineof-sight signal power. Accordingly, we see a perfect match with the curve of Rayleigh fading in Fig. 8 , where the Rice factor is equal to zero. Fig. 9 shows the results for spread-spectrum modulation with average shadowing and the number of users as a parameter. To maintain a bit error probability of the signal-to-noise ratio has to be increased by about 0. to-noise ratio, which does not include interference power.
So increasing E b / N o decreases the bit error probability, until the irreducible bit error probability caused by the interference power is reached. Fig. 10 shows that as T, decreases, the bit error probability decreases because of the decreased multipath power. Fig. 11 shows the bit error probability for N = 8191, Tb = 1/2400 s, T, = T b / N and K as a parameter. The plot for K = 1 in Fig. 11 is the same as the one for Tb = 1/4800 s in Fig. 10 , because they have the same values I . E + 0 0 .
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B. Outage Probability
The outage probability (23) is shown in Fig. 12 for T, = 0.1 ps, Tb = 1 /2400 s, K = 1 and average shadowing. To achieve an outage probability of for instance, the signal-to-noise ratio has to be 13, 16.5, or 19 dB for a threshold po of lo-*, lop3, or respectively.
.
C. Message Success Probability
Instead of the message success probability, we have presented the computational results for the message error probability Q which is defined as Q a 1 -p s . In Fig. 14, Q is plotted as a function of the number of users K at E b / N o = 10 dB for K = 1. The other parameters are the same as in Fig. 13 . If a maximum of 512 users, for instance, must be supported with a message success probability of at least 0.99, then the error correcting code must be able to correct 8 errors per 1024 bits.
VI. CONCLUSIONS
The shadowed Rician channel model given in [4]- [6] has been expanded to a wideband model. The performance of a land-mobile satellite channel has been evaluated in terms of the bit error, outage and message success probability for light, average, and heavy shadowing, using a direct-sequence spread-spectrum transmission system with BPSK modulation. The main conclusion that can be drawn from this analysis is that the spread-spectrum system yields better performance than the narrowband transmission if the line-of-sight path is dominant.
It is shown that for bit error probability calculations, the shadowed Rician distribution can be approximated in a limited but useful range of the bit error probability by a normal Rician distribution with a Rice factor of 5.3, 4.1, and -00 dB for light, average, and heavy shadowing, respectively. When spread-spectrum modulation is used, these Rice factors will increase because of the multipath rejection capability of the correlation operation in the receiver. As a result, spread-spectrum modulation yields better performance than narrowband transmission, except for heavy shadowing, i.e., where the line-of-sight signal power is smaller than the multipath power. In the latter case, diversity techniques can be added to improve the performance. Further, it is recommended to study the influence of very low rate convolutional codes [17] on the performance of spread-spectrum multiple access landmobile satellite channels. 
